ABSTRACT. Radon is a natural radioactive gas that occurs due to the radioactive decay of radium ( 226 Ra) present in rocks which, in turn, cames from the radioactive decay of uranium ( 238 U), a primordial natural element. Along with factors such as porosity, permeability and humidity of the rocks and soils, pressure and temperature, geology setting plays one of the most important roles in the release of radon into the environment. Depending on the mineralogical compositions and characteristics of the bedrock from a certain area, a higher or lower concentration of radioactive minerals can be found in the rocks, which will directly influence the level of radon in the atmosphere, implicitly the concentration of radon measured in houses. In this study, a six months concentration of radon ( 222 Rn) was assessed in 256houses from Cluj-Napoca area using CR-39 nuclear track detectors. Correlations between the indoor radon levels and the geological setting was further analyzed. The aim is to better understand the influence of geology on the concentration of radon levels in homes, in order to further identify other risk areas in terms of exposure to radon. Further investigation is needed on other factors influencing the accumulation of radon in high concentrations indoor, such as ventilation, occupation patterns or constructive and architectural features for typical houses. Therefore, the results of this work are considered to be important for indoor radon management in Romania.
INTRODUCTION
Radon is a natural radioactive gas, considered to be the main contributor to the total dosage received by population from natural background radiation. Due to its radioactivity and short lived radioactive disintegration products, it is also considered to be a health hazard. Far more, it is largely recognized that long term exposure to radon in homes and workplaces is the main leading cause of lung cancer, second to smoking (Darby et al., 2005; Field et al., 2006 , Council Directive 2013 WHO 2009) . Geology is considered, by far, the most important factor controlling the source and distribution of radon. This, due to the fact that most of natural uranium ( 238 U) where the radon ( 222 Rn) comes from, is encapsulated in rocks in the form of minerals. Nevertheless, several other natural and anthropogenic factors such as weather conditions, building materials, the degree of containment in the areas where individuals are exposed, outside air, tap water and even city gas, the architecture, ventilation and the environmental parameters of the building and the soil (temperature, pressure, relative humidity) and occupation patterns can influence the indoor radon levels (Darby et al., 2005; Field et al., 2006 , Council Directive 2013 WHO 2009; www.irart.ro; www.smartradon.ro; Cosma and Jurcuţ, 1996; Cosma et al., 2013; Cucoş et al., 2015; Cucoş et al., 2017) .
Reducing exposure to radon in buildings is a key priority of public health protection against radiation. Directive 2013/59 / Euratom is demanding an increased attention to residential radon by implementing rules in each European country, beginning in 2018, and serious approach to monitoring and mitigating actions.
Since September 2016 we have started a research pilot project entitled SMART-RAD-EN, funded by the Competitiveness Operational Programme 2014-2020 of Romania, to be implemented up to the year 2020. The project aims to develop and implement energy efficient solutions for controlling and reducing exposure to radon in residential buildings located in the main urban agglomerations of Romania (Bucureşti, Cluj-Napoca, Timişoara, Iaşi and Sibiu).
The present paper reports the results for the first measurement campaign of indoor radon concentration during six months, in 256 houses from Cluj-Napoca area, by using CR-39 nuclear track detectors. Some basic correlations between the indoor radon levels and the geological setting were analyzed. The aim of this study is to better understand the influence of the geology on the concentration of radon levels in homes.
MATERIALS AND METHODS

Geological data
Various detailed studies were focused on the geology of the Cluj-Napoca city area (e.g. Răileanu and Saulea, 1956; Maxim et al., 1960; Mészáros, 1960; Mészáros and Clichici, 1976; Popescu et al., 1978 etc.) . The region which the city belongs to comprises a large diversity of rocks and lithostratigraphic units involving: magmatic, metamorphic and sedimentary rocks (Fig. 1) .The metamorphicsole is the oldest structure in the area (Precambrian). It is mostly formed in the basal part by paragneiss, quartz and mica schist, with quartzite, amphibolite and crystalline limestone interleaving. The upper levels bear mica schist with black and white mica. The first sedimentary rocks overlying the sole are Late Cretaceous reworks in the basal section crystalline schist, than bear sandstones, clay, limestone and polygenic conglomerates. All these rocks are overlain by a transgressive Cenozoic sedimentary succession (Paleogene, Neogene and Quaternary).Andesitic and dacitic dykes were reported from the western part of the studied area (Mészáros and Clichici, 1976) .
The Paleogene starts with lowermost Paleocene red beds, probably including the K/T boundary, if considering the situation from the Jibou Formation type section area (Codrea and Godefroit, 2008) . Classical stratigraphic charts of the region are in Codrea et al., 2010 (and references therein) . In this regard, the basal continental Paleogene formation is overlain by marine rocks, documenting a Lutetian transgression, the marine realm continuing until Priabonian. Gypsum beds are largely exposed. They are followed by various marl, limestone and sandstone deposits (Raileanu & Saulea, 1956; Mészáros and Moisescu, 1991; Popescu et al., 1978) . In Late Priabonian, terrestrial environments occurred again, with red beds (Valea Nadășului Formation). Various marls, bioclastic limestone's, clays, coaly schists, and shallow water limy sedimentary rocks accumulated in the latest Eocene and Lower Oligocene.
The Oligocene of this region is nothing but alternating marine and continental formations, with various rocks, either clastic, or carbonatic (Codrea et al., 2010 , and references therein).
Glauconitic and mica rich clays and tuffs occur in Early Miocene (AquitanianBurdigalian). In Middle Miocene (Badenian-Sarmatian), gypsum, salt and marls are the most common rock, but the clastic ones occur too (Filipescu, 2001) . In Quaternary, the Someș and Nadașului river terraces were formed. Nowadays, alluvial deposits (sand-sand gravels) continue to accumulate. 
Indoor radon
Passive indoor radon measurements were performed by using CR-39 nuclear track detectors exposed for 6 months. Subsequently, the detectors were safely transported (storage in another room could affect the measurement accuracy) to the Radon Laboratory for processing. Processing, analysis and comprehensive evaluation of the measurement results were achieved in cooperation with the manufacturer, according to the specific protocol and calibration factors. After exposure, the developing and automatic reading protocol was applied by using the RadoSys-2000 equipment (Elektronika, Budapest, Hungary), under optimum conditions. The concentration of radon was determined by counting the traces of alpha particles resulting from the decay of radon on a given area. Individual errors for radon measurements by this method are less than 10%. The accuracy of this passive method of detection is being periodically verified by successful participation in international intercomparison campaigns (Cucoş et al., 2012; Cosma et al., 2013; Cosma et al., 2015) .
Qualitative assessment of indoor air quality conditions, health and comfort of residents was done through questionnaires, applied to each resident of the investigated homes, according to the model of RADPAR (Radon Prevention and Remediation). Through the questions was determine the details of how the building is used, occupation program, occupants opinions on air quality and functioning of the systems in the house, periods of overheat or winter comfort, in order to analyse possible correlations between the level of radon and other household air pollutants and specific characteristics of energy-efficient houses. The questionnaire also requests general information about residents health and behaviour, smoking status, location and building structure, facilities and materials used, as well as information about the energy performance of buildings: the type of exterior wall insulation, exterior facade status, number of levels, heating sources (boiler, stove), windows type (double wooden windows, double glazing, triple glazing) existing ventilation systems, winter and summer temperature, air quality, draughts, building's energy consumption, etc.
RESULTS AND DISCUSSION
Summary statistic of radon concentration measurements in air of residential premises from Cluj-Napoca are presented in Table 1 .
The data distribution type, within the investigated cities, is a log-normal distribution, aspect confirmed by applying the D'Agostino-Pearson statistical test on the log-transformed data (p > 0.05). From the 256 houses selected for the present study in the metropolitan area of Cluj-Napoca, 43 presented concentrations higher than 300 Bq/m 3 . Given that the computed averages refer only to a period of six months of monitoring -and are not annual concentrations -it is necessary to apply a seasonal correction factor, in order to evaluate the annual values. Thus, by applying the seasonal correction factor, from the 256 monitored houses, a total of 52 have annual mean for indoor radon concentration superior to the threshold value.
The distribution of indoor radon results for the city of Cluj-Napoca within Campaign I indicate that 17% of the investigated residential dwellings present values higher than the European reference level of 300 Bq/m 3 for residential radon (Tollefsen et al., 2014) , while 20% of the investigated houses register radon levels higher than 250 Bq/m 3 (figure 2). The average for all measurements performed for the concentration of indoor radon within accommodations monitored in this project, is 138 Bq/m and comparable with the values registered for the Czech Republic and Estonia (140-160 Bq/m 3 ), which can be explained through the existing resemblances in relief and geology.
The rock types that are most likely to cause elevated indoor radon levels in some countries, are considered to have uranium concentrations greater than 2ppm (Gundersen et al., 1992) . In this regard, some examples can be given by some magmatic (granites, riolites, andesites and basalts), metamorphic (gneiss and some schists) and sedimentary (argillaceous schists and clays) rocks. For Romania, the most radioactive sedimentary rocks are considered to be clays (with an average uranium concentration of 3.3 ppm), sandstones (with an average uranium concentration of 3 ppm) and argillaceous schists (with an average uranium concentration of 3 ppm) (Cosma et Jurcuț, 1996; Stoici et Tătaru, 1988) . However, lower or higher uranium values can be measured in all types of rocks, regardless of their origin.
For this assessment, the rock types that were more likely to cause the high levels of radon concentrations, measured in houses, are considered to be sedimentary rocks, which include clays and sandstone deposits, largely found into the Paleogene and Neogene bedrock assemblage. Although these sedimentary deposits are not uniformly distributed, decreasing in age from West to the East, clays and sandstones are widely spread in the whole geological complex.
Considering the geological context and the fact that the indoor radon concentration values are not evenly distributed in the houses, by not showing a pattern (figure 2), we can assume that even though the geological factors are responsible for the radon emissions, they are not the only ones to influence the indoor concentrations. Other factors that influence the concentration of indoor radon are represented by architectural details of houses.
CONCLUSIONS
The present paper report the results for the first measurement campaign of indoor radon concentration during six months in 256 houses from Cluj-Napoca area by using CR-39 nuclear track detectors. The preliminary indoor radon map for Cluj-Napoca area was plotted, taking into account the geological context. The aim of this pilot study is to better understand the influence of geology on the concentration of radon levels in homes.
The study shows that average indoor radon concentration for the surveyed area is 138 Bq/m 3 . The indoor radon results indicate that 17% of the investigated residential dwellings present values higher than the European reference level of 300 Bq/m 3 for residential radon, while 20% of the investigated houses register radon levels higher than 250 Bq/m 3 . Even though the principal factor for high radon concentrations appear to be the geological bedding by the presence of rock type known to have relatively high radioactive contents (clays and sandstones), it is clear that there are other aspects to be considered. Those aspects can include some geological factors influenced by ground waters, climate change, permeability of soils and rocks, along with antropogenic factors.
Further investigation is needed on other factors influencing the accumulation of radon in high concentrations indoor, such as ventilation, occupation patterns or constructive and architectural features for typical houses, together with soil radon measurements.
After carrying out the project activities, an inventory of indoor air pollution in conjunction with energy consumption will be completed for 1,000 houses from Bucharest, Cluj-Napoca, Iasi, Sibiu and Timisoara, and also integrated into a geographic information system and processed for use in the air quality modelling.
